A conductive boron-doped diamond (BDD) grown on a fused silica/quartz has been investigated. Diamond thin films were deposited by the microwave plasma enhanced chemical vapor deposition (MW PECVD). The main parameters of the BDD synthesis, i.e. the methane admixture and the substrate temperature were investigated in detail. Preliminary studies of optical properties were performed to qualify an optimal CVD synthesis and film parameters for optical sensing applications. The SEM micro-images showed the homogenous, continuous and polycrystalline surface morphology; the mean grain size was within the range of 100-250 nm. The fabricated conductive boron-doped diamond thin films displayed the resistivity below 500 mOhm cm -1 and the transmittance over 50% in the VIS-NIR wavelength range. The studies of optical constants were performed using the spectroscopic ellipsometry for the wavelength range between 260 and 820 nm. A detailed error analysis of the ellipsometric system and optical modelling estimation has been provided. The refractive index values at the 550 nm wavelength were high and varied between 2.24 and 2.35 depending on the percentage content of methane and the temperature of deposition.
Introduction
Diamond is a semiconductor with a wide energy band-gap of Eg = 5.45 eV, but when doped with boron it becomes a p-type semiconducting material with outstanding electronic properties. The main advantages of boron-doped diamond films are a high electron and hole mobility 4500 and 3800 cm , respectively, and the thermal conductivity 24 Wcm -1 K 1 . In comparison to the most common semiconductor materials, such as silicon or gallium nitride, their properties are several times better [1] . Currently, diamond devices are used in high power electronics [2] , diamond diodes [3] , high-power switches [4] or high-frequency devices, such as transistors [5] . However, the most common use of BDD materials is for electrodes in electrochemistry [6] [7] [8] or spectroelectrochemistry [9] . The electrodes of this type have a good chemical and electrochemical stability even in highly aggressive media, a long lifetime and a wide potential window for the water discharge. They could be used effectively in electrochemical sensors [10, 11] designed for environment monitoring and biomedical applications [12, 13] . They also offer an extremely high detection sensitivity of 10 -6 ÷ 10 -9 M in case of bioanalytes (e.g. proteins [14] or DNA [15] ), depending on deposition parameters and a medium. Apart from the aforementioned advantages we propose to apply boron-doped diamond as a sensing film in electrochemical sensors and fibre optic sensors [16, 17] .
Reports on optical properties of thin diamond films can be found in the published literature. Remes et al. [18] investigated optical properties of an un-doped NCD film on fused silica by using the photo-thermal deflection spectroscopy, calorimetry and dual beam photocurrent spectroscopy. In the case of many applications, using a high temperature process is not acceptable, e.g. in coating of quartz or complementary metal oxide semiconductors. Kromka et al. [19] investigated an impact of the low-temperature MW CVD process on optical properties of nanocrystalline diamond films (NCD) on silicon and quartz substrates; the films displayed a transmittance of ca. 70% and a high refractive index of 2.34 at the 550 nm wavelength. Potocky et al. [20] showed a refractive index of 2.2 to 2.4 (@550 nm) on a quartz substrate for the growth temperature below 400 °C. Optical properties of diamond layers strongly depend on the deposition temperature [21, 22] .
The work of Gupta et al. demonstrated an increasing influence of the boron dopant on optical and morphological properties of BDD [23] . They suggest that an area of the high conductivity density correlates with a high boron doping level along with electrical conductivity heterogeneity of boron-doped poly-/microcrystalline diamond surfaces. Stotter et al. [9] investigated an optical transmittance in the UV-VIS range and absorbance with a spectro-electrochemistry method based on measurements using an optical transparent BDD electrode with a maximum 50% transmittance on quartz. These results showed that the optical and electrical properties were extremely stable during 48-h exposure tests in various aqueous (HNO3, NaOH) solutions and non-aqueous (e.g. chlorinated) solvents.
Gajewski et al. [24] investigated optical parameters, namely, the photocurrent and the optical absorption coefficient in un-doped and low-doped nano-crystalline diamond films deposited on monocrystalline silicon. The results of the spectrally resolved photocurrent and photo-thermal deflection spectroscopy in a low energy range, between 0.5 and 1.0 eV, confirmed that boron as well as sp 2 carbon phases in the grain boundaries govern the opticalabsorption process.
Optical properties of a heavily-doped BDD film were studied by Zimmer et al. [25] with the spectroscopic ellipsometry. An NCD film was deposited on Si wafers at the mean dopant level [B]/[C] of 6500 ppm and with the complex index of refraction calculated from the Lorentz model. These films have well-defined optical properties: UV-visible refractive indexes close to those of recent un-doped and composite NCD films, unusual nonzero extinction coefficients due to a high boron sub-gap absorption present in IR.
However, there is still lack of information about optical constants of boron-doped diamond deposited on transparent substrates in the VIS-NIR region and their spectral dependence. These parameters are critical for developing integrated optical sensors [26, 27] , transparent electronics [28] and opto-electrochemical bio-sensing devices [29, 30] .
This paper provides the detailed information about the optical constants and transmittance of boron-doped diamond thin films deposited by MW PECVD on fused silica substrates. The influence of the main parameters of BDD synthesis, i.e. the methane admixture and the substrate temperature, was studied in detail. The surface morphology was assessed by the scanning electron microscopy (SEM). The resistivity of a BDD electrode was studied using four-point probe measurements. The thickness, optical energy band gap and optical constants of the fabricated diamond films were investigated in the VIS-NIR range by means of the spectroscopic ellipsometry.
Experimental

Deposition of boron-doped diamond films
The BDD films were synthesized in the MW PECVD system (SEKI Technotron, AX6300, Japan) on 10 x 10 mm quartz substrates. The substrates had been washed for 5 minutes in an ultrasonic bath using acetone and 2-isopropanol. Next, they had been seeded for 1 hour by sonication in a commercially available diamond suspension with a grain size of 5-20 nm (Blue-seeds, ITC, USA) [31, 32] . Then the substrates were washed again in 2-isopropanol and dried in a stream of nitrogen.
The deposition procedure was performed on a molybdenum stage heated to 500ºC and 700ºC. The base pressure was about 10 -4 Torr and the process pressure was kept at 50 Torr. The molar ratio of CH4:H2 mixture was kept at 1% and 4% of the gas volume at 300 sccm of the total flow rate. The highly excited plasma was generated with a microwave radiation (2.45 GHz) and optimized for the diamond synthesis at a power of 1300 W [33] [34] [35] . All samples had been etched in pure H2 plasma for 3 min, and then doped by using the diborane (B2H6) dopant precursor. The B/C ratio of samples was kept at 5000 ppm. The growth time of the polycrystalline film (see Table 1 ) was optimized to produce films of 400 ± 50 nm thickness [36] . The morphological studies were performed with a Hitachi S-3400N scanning electron microscope (SEM). The variable pressure SEM mode (VP-SEM) was used, which allows to make measurements regardless of the sample electrical conductivity. Moreover, the secondary electron mode was applied with a 20 kV accelerating voltage.
The resistivity of boron-doped diamond films was measured by a four-point probe system. The current value was gradually increased from 0 to 100 µA with a 10 µA step. A source meter (Keithley 2400, UK) was used as the current source applied to the external probes. The voltage on the internal probes was measured by a VA multimeter (Appa 207, Taiwan). Each sample was measured at four surface points. In cases when the film thickness is much smaller than the distance between the probes, the surface resistivity can be calculated from Eq. (1) [37] :
where V is the voltage measured on the internal probes, I is the current applied to the external probes, and h is the thickness of a layer.
Spectroscopic ellipsometry measurement system
The ellipsometry is an optical method for analyzing thin layers. It is based on the polarization state measurement of the light beam reflected from a sample. Such a procedure is used for thickness monitoring of dielectric and semiconductor layers synthesized during PVD or CVD processes. However, the described procedure had been adapted with respect to that of Tompkins et al. [38] , particularly in examination of the measurement data, theoretical modelling and fitting.
The linearly polarized light beam is incident on a sample at φ0=70° angle, where the layer thickness is d1. N0 is the refractive index of ambient, where substrate is located. A thin diamond film covers the substrate characterized by the refractive index N2. The complex refractive indices of investigated layers are denoted as N1. For ellipsometric purposes the complex-amplitude parameter ρ is defined as the ratio of total reflection coefficients:
tan .
The ellipsometric angles ∆ and Ψ represent the amplitude and phase ratio difference between the p-and s-polarization of the light beam [12] . The amplitude reflectance coefficients in both polarization modes are expressed as follows: 
where r01, r12 are the Fresnel reflection coefficients defined at boundaries of various imedia, which depend on the
complex refractive index [14] . The phase shift due to the light beam refraction of angle φ1 is expressed by:
The refractive indices N0, N1 and N2 are complex functions of the λ wavelength of the incident light beam. The substitution of Fresnel reflection coefficients and Eqs. (3)- (4) in Eq. (2) gives the complex ratio ρ as a function of the medium refractive indices, light wavelength and layer thicknesses.
The first step of the ellipsometric analysis is an assumption of a model using a number of layers and layer types. The introductory parameterization of optical indices of each layer is necessary to calculate angles ∆ and Ψ using the formulas (2)-(4) (see Fig. 1 ). The last step of the data investigation is fitting the model to the experimental results. The selection of a suitable optical model is the most important step of analysis. The spectroscopic ellipsometry investigations were carried out with a Jobin-Yvon UVISEL phase-modulated ellipsometer (HORIBA Jobin-Yvon Inc., Edison, USA). The investigated wavelength region was between 250 and 800 nm, with a step of less than 0.5 nm. The experiments were carried out at a room temperature using the angle of incidence fixed at 70° and the compensator set at 45°. The incidence angle resulted from the Brewster's angle of quartz substrate. The DeltaPsi software (v. 2.4.3) was employed to determine the spectral distributions of the refractive index n (λ) and the extinction coefficient k (λ) of the obtained diamond films. The relative sp 3 /sp 2 phase ratios were estimated by fitting a diamond film using the Bruggeman effective medium approximation (BEMA). To estimate this ratios, the BDD thin films were considered as heterogeneous material consisting of diamond (sp where ε is the dielectric function of the effective medium, εh is the dielectric function of the host, fj is the fraction of the jth constituent, and γ is a factor related to the screening and the shape of the inclusions (for example, γ = 2 for 3-dimensional spheres).
The efficient error-based figure of merit is crucial to know whether the assumed model fits the experiments. As the fitting measure the mean square error (MSE) was utilized [12] , which is given by:
In Eq. (6) ∆ The ellipsometric fitting was based here on a four-phase optical model (air/surface roughness film (SRL)/ diamond/ Si-wafer). The dispersion of Si <100> was taken from the database [40] . The dielectric function of the SRL was estimated using the BEMA. The dispersion of quartz was taken from the database [41] . The assumption was made that a diamond film is an isotropic, homogeneous material; its dispersion being fitted by the TaucLorentz oscillator (TL) model. This model has been recently used by Gioti et al. [42] and Logothetidis et al. [43] for amorphous semiconductors. The TL dispersion model is also widely used for modelling the optical dispersion of a-C, a-C: H [44] as well as polycrystalline diamond films [45] . The model is a combination of the Tauc joint density of states [42] and the quantum-mechanical Lorentz oscillator model [46] . The TL model fits to the dielectric functions of a class of an amorphous material. Such materials exhibit a peculiarity due to the presence of two separated contributions of the inter-band electronic transition related to an sp 2 -and sp 3 -bonded carbon [47] . The parameters of the TL model were estimated for each of the analysed films. Finally, the assumed optical model was fitted to the experimental data using the non-linear Levenberg-Marquardt regression method for the mean-square error minimization (MSE) [48] .
Results
Surface morphology of boron-doped diamond
The morphology of boron-doped diamond layers grown on fused silica deposited at different temperatures and methane concentrations are presented in Figure 2 . High crystallographic diamond films with a different surface morphology were obtained at a moderate temperature (550 °C to 700 °C) and methane concentration (1 or 4%). The low magnification images (1000x -insets Fig. 2.) show that the surfaces of all samples were fully covered by diamond crystals. Micro-cracks were observed in some areas of the deposited films. Those micro-cracks could be explained by a difference of the thermal expansion coefficient between the diamond and substrate that occurs as a stress on the surface of quartz during cooling (20ºC min -1 ). Furthermore, these micro-cracks exhibit a slight impact on optical and electronic properties (see Section 3.3). The work of Gicquel et al. [49] shows comparable results and a high influence of the temperature and methane concentration on the quality of diamond films. In case of the substrate temperature of 500 °C, there is no difference in grain size or homogeneity for the BDD-1-500 and BDD-4-500 samples. An average diameter of the grain is close to 250 nm. The surface morphology, homogeneity and diameter of the grain size for the BBD-1-700 sample is comparable to samples grown at 500°C. The change of the methane concentration from 1% to 4% for the substrate temperature 700°C has the most significant impact on the grain size, giving values below 100 nm.
Electrical parameters of BDD films
The electrical properties of BDD films were measured by a four-point probe system. The average conductivity and resistivity of deposited samples are listed in Table 2 . The obtained resistivity values ranged between 35 and 0.02 Ω cm, which is in agreement with previous results [50, 51] . The lowest resistivity of about 20 mΩ cm was observed for the BDD-4-700 sample. The highest resistivity, i.e. 35 Ω cm, was achieved for the BDD-1-500 sample. It could be summarized, that the resistivity variations come mostly from the substrate temperature causing structure defects and carrier transport disturbances [52] . Moreover, the resistivity decreases with increasing the methane admixture in plasma. The 4% methane samples show a smaller amount of defects and micro-cracks, because films exhibit a smaller sp 3 
/sp
2 ratio introducing a lower stress in the structure [53] . The optical band gap Egopt was determined from the absorption coefficient α by using the Tauc plot [54] . The Tauc plot analysis indicates that band-to-band indirect transitions are more probable than the direct transitions. Therefore, the band gap values were estimated by extrapolating the linear portion of the (αhν) 1/2 vs. hν plot, where hν is the photon energy, to (αhν)
=0. This conclusion was also supported by the results reported by Lee et al. [55] , Hu et al. [56] or Taylor et al. [57] .
In this study the band gap decreases from 4.2 eV estimated at the BDD-1-700 sample down to 4.01 eV and 3.7 eV achieved for the BDD-1-500 and the BDD-4-700 samples, respectively. Comparable band gap values have been reported by Hu et al. [56] or Zimmer et al. [58] . This fact is also correlated with a higher refractive index (see Fig. 3A ), indicating the film densification [59] . It is worth of noting, that the optical band gap and optical constants are in agreement with a smooth surface nanostructure and a high sp 3 phase content [60] .
Optical properties of boron-doped diamond grown on fused silica
The spectroscopic ellipsometry (SE) was employed to investigate the optical constants of the deposited diamond films. The refractive index n and the extinction coefficient k were calculated using an optical model, and later plotted as a function of the wavelength. The spectral variability of optical constants in samples with different methane admixtures and substrate temperatures are presented in Figure 3 (A and B) . Fig. 3 . Wavelength-dependent variability of (A) the refractive index n and (B) the extinction coefficient k in boron-doped diamond films deposited under various conditions related to the methane admixture and the substrate temperature. For comparative purposes, the refractive index measurements for a single-crystal diamond are shown (▲-SCD) [41] . Insets: the variability of n and k measured at 550 nm.
All deposited diamond films were characterized by a normal dispersion. The optical constants of BDD films decreased with increasing of the wavelength, exhibiting a typical behaviour near the band gap of the electronic transition. The refractive index of BDD films slightly decreased with increasing of the methane percentage and increasing of the deposition temperature. Nevertheless, the measured values were smaller than those for the single-crystal diamond reported by Palik [41] . This finding shows a smaller optical density of boron-doped diamond films.
The observed influence of an increasing methane content on the sample optical properties is evident. The refractive index varied between 2.24 and 2.35 for different methane contents and deposition temperatures at the 550 nm wavelength (see Inset of Fig. 3A) . The obtained values were smaller than those for the single-crystal diamond (2.41), which is related to a decrease in the sp 3 
/sp
2 carbon phase ratio [53] . Most likely, the diamond film samples contained more defects and some nanocrystals, as demonstrated by SEM images (see Fig. 2 ).
In the case of the 1% methane content, the extinction coefficient was approximately 0.04, resulting in a high transparency of the boron-doped diamond samples. The extinction coefficients at 550 nm of samples produced at the 4% methane content reached 0.05 and 0.13 for the substrate temperatures of 500ºC and 700ºC, respectively. Moreover, the extinction coefficient increased with increasing a wavelength in the wavelength region above 350 nm. This can be explained by a higher sp 2 bond content and intensive boron incorporation between the grains [61] (see Table 3 .).
The effect of a high k in the wavelength region above 350 nm was even pronounced in the case of overheated quartz substrates (i.e. 700ºC at 4% vol. of CH4). Thus, the effect of the substrate temperature is discussable. Nevertheless, the boron induces an acceptor level at 0.37 eV (3450 nm) leading to an increased light absorption for higher energy levels. The Lorentz oscillator fitting shows the peak position near this value. It is noteworthy that the k value of the BDD film produced at the 1.0% methane content and 500ºC is minimal, as illustrated by the inset in Fig. 3B . An increase in k values is correlated with the non-diamond phases in a nanocrystalline structure compared to that of a microcrystalline structure [62] . The methane flow level increases meaningfully the growth rate of the BDD films. A shift from 1% up to 4 % of the methane admixture almost doubles the growth rate. The growth rate ranges from 6.6 nm min -1 to 16.1 nm min -1 for the BDD-1-500 and the BDD-4-500, respectively. We have obtained very similar roughness distributions of ca. 17 nm, given by SRL values, over the studied samples. These results are in agreement with previous findings described by Lee et al. [59] .
A decrease of the sp 3 /sp 2 ratios, estimated using the BEMA calculation, follows an increase of the methane admixture. Comparable trends were reported for BDD films grown on silicon wafer substrates by Gicquel et al. [49] and Stoner et al. [62] .
The corresponding mean square error (MSE) achieved during the SE estimation is slightly smaller for the BDD-1-500 and BDD-1-700 samples, comparing to that of the BDD-4-500 and BDD-4-700 ones. Nevertheless, the MSE values of the BDD-4-500 and BDD-4-700 are still below 10, i.e. at the acceptable level [38] .
The optical transmittance values measured for the films deposited on transparent quartz substrates are illustrated in Figure 4 . In addition, photos of the corresponding samples were inset in the plot for illustrative purposes. The transmittance of the BD-1-500/BD-1-700 and BD-4-500 samples reached over 50% in the VIS-NIR range. The transmittance values correspond directly with the sp 3 
2 ratio (see Table 3 .). The transmittance values are sufficiently high with regard to a possible application of the films in optical sensing [63] . The BD-4-700 sample was very opaque, with the transmittance of about 30% and a low sp 3 /sp 2 ratio. This characteristics was caused by an abundance of the sp 2 /"cauliflower" [53] structure during the early stage of film growth. The transmittance can be further optimized by adjusting the methane content and the temperature level during the deposition process.
Conclusions
In summary, the BDD films were synthesized on quartz substrates using the MW PECVD method. The SEM micro-images showed the homogenous, continuous and polycrystalline surface morphology; the mean grain size was within the range of 100-250 nm. The fabricated conductive boron-doped diamond thin films displayed the resistivity below 500 mOhm cm -1 and the transmittance over 50% in the VIS-NIR wavelength range. The sp 3 
/sp
2 ratio investigation has shown that the substrate temperature equal to 500°C provided much better conditions for the diamond film deposition on fused silica than that equal to 700°C. Moreover, for the substrate temperature equal to 500°C the efficiency of boron building into the diamond lattice was higher for the methane content of 4%. The synthesized diamond films have been assumed to be an isotropic, homogeneous material, and their dispersion was fitted to the Tauc-Lorentz oscillator (TL) model. The refractive index values at the 550 nm wavelength were high and varied between 2.24 and 2.35 depending on the percentage content of methane and the temperature of deposition. The achieved parameters are critical for developing integrated optical sensors or opto-electrochemical bio-sensing devices.
